Mengo virus is a murine strain of the ubiquitous picomaviruses grouped under the common denomination of encephalomyocarditis viruses.
Two of us have shown (8, 9 ) that total ribonucleic acid (RNA) from Mengo virusinfected L cells induces the appearance of interferon in the serum of mice injected with microgram amounts of it. The interferon-inducing activity, being unaltered by ribonuclease treatment of the preparation, must be ascribed to the double-stranded replicative form and to the double-stranded core of the replicative intermediate form of Mengo virus (10) .
The double-stranded RNA from Mengo virusinfected cells (Mengo dsRNA) provides therefore an opportunity to study another example of interferon inducers of viral origin, such as the dsRNA from reovirus particles (26) , from other picomaviruses (11) , from bacteriophage (13) , or from various mycophages (1, 21) .
In this paper we report results of studies DOUBLE-STRANDED RNA FROM MENGO VIRUS amounts of RNA from this virus, we switched to suspension cultures of the BHK-21 line of hamster cells, because of the greater ease of cultivation of the latter.
Starting from a seed of BHK cells frozen in liquid nitrogen, sequential suspension cultures of increasing volume were realized in 100-and 300-ml Erlenmeyer flasks on a rotating shaker, then in 500-ml spinner flasks, followed by 2, 6, and 10-liter glass vessels, and leading finally to 30-and 170-liter stainless steel fermentors. Growth medium consisted of Hanks lactalbumin medium modified as follows (per liter): lactalbumin hydrolysate, Difco 5.00 g; yeast extract, Difco 1.00 g; glucose, 5.00 g; NaCl 6 .4 g; KCl, 0.32 g; MgSo4 7H,O, 0.16 g; Na,HPO4-12H,O, 0.48 g; KH,P04, 0.48 g; 25 cps Methocel (Dow Chemical), 1.00 g; penicillin G, Sodium salt, 0.06 g; streptomycin sulfate, 0.06 g; calf serum (unheated), 100 ml; the pH of the medium being adjusted to 7.2 with NaHCO, in aqueous solution.
With increasing culture volumes, the quantity of calf serum was reduced stepwise and replaced by bacteriological peptone (Organotechnie, 93120 La Courneuve, France); in the stainless steel fermentors, serum was totally replaced by peptone (5 g/liter), and there was no Methocel added.
Cultures were incubated at 37 C, surface gasing being performed with a mixture of 3% CO2 in air. Under such conditions, the doubling time of the cell population is about 32 h; a predetermined volume of fresh medium is added to the culture every 2 or 3 days. Before such addition, cell numeration shows a population of 2 x 106 to 3 x 106 cells/ml, and added fresh medium brings it to about 106 cells/ml.
Mengo virus was first propagated in monolayer cultures of CCL-1 cells and later in serial suspension cultures of BHK-21 cells of increasing volumes, the multiplicity of infection being, at each step, close to 10 plaque-forming units (PFU) per cell. A batch of 2 liters containing from 0.5 x 109 to 2 x 109 PFU of Mengo virus per ml was thus obtained and used to infect (with the same multiplicity of 10 PFU per cell) a 120-liter fermentor culture of BHK-21 cells. Sixteen hours after virus inoculation, the extracellular virus titer in such a culture varied from 0.1 x 109 to 10' PFU per ml; culture was then stopped and RNA extraction was started.
In such large scale cultures, a 16-h postinfection period (corresponding to about two cycles of virus multiplication) was adopted as it gave better yields on RNA extraction. In small scale operations, a single cycle (6.5 h) was preferred.
Mengo virus RNA extraction. Cells were spun down at 4,000 x g, washed at 4 C with phosphate-buffered saline (PBS), and resuspended at the same temperature in a pH 7.2 acetate buffer (0.1 M NaCl, 0.001 M MgCl,) containing 1 mg of bentonite per ml. They were then lysed by shaking them for 30 s at 4 C in presence of 5 mg of sodium lauryl sulfate per ml. From this preparation, proteins were eliminated immediately thereafter by two successive 3-min extractions with phenol at 63 C. Total nucleic acids were isolated from the aqueous phase by precipitation with 2 vol of ethanol at -20 C. The amount of total nucleic acids which could be extracted from 100 liters of Mengo virus-infected BHK-21 cells, was on the average 1 g.
Total nucleic acids were fractionated by cellulose chromatography, according to the technique of Franklin (17) modified by Bishop and Koch (2) , without prior enzymatic treatment. The fraction eluted with ethanol-free buffer, consisting essentially of dsRNA, was lyophilized for concentration, redissolved in a small volume of water, dialyzed against the buffer used for chromatography, precipitated with ethanol, and finally dissolved at the desired concentration in PBS.
Inactivation of the infectivity of the preparations. Purified dsRNA preparations from Mengo virus-infected cells were infectious for L cells (pretreated with diethylaminoethyl [DEAE] dextran) and also showed low-order infectivity for the mouse by the intracerebral route. This was in agreement with previously published findings (10) and, following the technique described in the latter paper, residual infectivity was abolished by submitting dilute PBS solutions of the preparations (to minimize absorption) to ultraviolet irradiation at 253.7 nm, using a dose of 10,000 ergs (mm2-sec)-1, determined with a Latarjet dosimeter (22) . Absence of infectivity after this treatment was checked by two blind passages in DEAEdextran-pretreated L cells and by intracerebral inoculation into 21-day-old mice: total loss of infectivity was concluded when no cytopathic effect appeared in the inoculated cells and when there was neither mortality nor weight loss in the inoculated mice. Batches which did not satisfy these criteria were irradiated again until residual infectivity was no longer present. Irradiated dilute solutions were reprecipitated with ethanol, and the precipitate was redissolved to the desired concentration in PBS. It was shown previously (10) Acute toxicity for the mouse. Female mice weighing between 14 and 16 g (average weight of the 100 mice used in this experiment: 14.6 g) received a single intravenous injection of serial dilutions of Mengo dsRNA or of poly I: C solutions in PBS. The mice were weighed daily during 7 days, and the animals which died within that interval were counted. This experiment made it possible to determine (i) the acute mean lethal dose (LD,O) for each product according to Reed and Muench (24); (ii) the "mouse weight gain dose", with which the weight of the mice on day 3 is at least equal to that on day 0, and the weight on day 7 at least 3 g higher than that on day 0 (12); and (iii) the "innocuous dose", that is the highest dose with which the average weight on day 1 is at least equal to the weight on day 0.
Interferon induction in the mouse. Various amounts of the preparations were injected intraperitoneally (i.p.) or intravenously (i.v.) into 15-to 20-g adult mice (COBS, Charles River France). Interferon titrations were performed with serum pools from three to five mice for each dose or for each interval of time after injection, using L cells and vesicular stomatitis virus (VSV) as a test system, 50% inhibition of cytopathic effect being taken to determine end-point dilutions.
Interferon induction in the mouse was used not only to determine the activity of purified preparations but also to monitor the various steps of production and purification of Mengo dsRNA.
Antiviral activity in cell cultures. This technique was used to study the effect of human or murine serum pools on the activity of Mengo dsRNA and of poly I: C and consisted in determining the minimal concentration of each inducer necessary to reduce by 50% the cytopathic effect of VSV in primary monkey kidney cell cultures. Prior to treatment with various dilutions of the inducers or of the inducer-serum mixtures, the cell cultures were treated during 30 min at 37 C with DEAE-dextran (molecular weight 2.10', Pharmacia, Uppsala, Sweden) at a concentration of 300 Mg/ml in PBS, and thereafter washed three times with warm PBS. Serial dilutions of the inducers were then added with fresh medium to the cultures which were incubated at 37 C for 24 h. The inducer-containing medium was then removed, and the cultures, in fresh medium, were inoculated with VSV. The activity of the inducer was expressed as the minimal amount causing 50% reduction of cytopathic effect, by comparison with control cultures also pretreated with DEAE-dextran but receiving no inducer.
Antiviral activity in vivo. (i). A/PR/8/34 strain of human influenza virus (ATCC) passaged in ovo and inoculated by exposing the mice to an aerosol of the virus diluted in PBS plus broth.
Type C foot-and-mouth disease virus, strain Loupoigne, adapted to rabbits and adult mice (27) (supplied by A. Paraf, Ecole Nationale Vetkrinaire, 94700 Alfort, France) passaged in suckling mice and inoculated subcutaneously (s.c.).
Mouse hepatitis virus, strain Friend-Braunsteiner (3) (supplied by C. Friend, Sloan-Kettering Institute, New York City), passaged in mouse spleen and inoculated i.p.
In all of these experiments, both inducers were administered in a single treatment 6 h before virus inoculation. Previous experiments with poly I: C and Semliki Forest virus infection in mice (5) had shown that this schedule of treatment gave the most consistent protection.
Except with mouse hepatitis virus, criteria of antiviral activity were an increase in numbers of surviving mice at the end of the experiment, as compared with mortality in control groups, and an increase in average survival time of the treated 592 FALCOFF ET AL. animals. Groups of 10 mice were used for each dose or route studied; control animals usually numbered 20.
In the case of infection with mouse hepatitis virus, assessment of antiviral activity was based on a reduction of the level of hypertransaminasemia which follows, within 2 to 3 days, i.p. inoculation of the virus (16, 19) ; serum glutamic-oxaloacetic transaminase (SGOT) and glutamic-pyruvic transaminase (SGPT) levels were determined by a standard procedure (4). AIntiviral activity in vivo. (ii). Adult New Zealand rabbits weighing between 2 and 3 kg were inoculated intradermally in several well-delineated areas of their shaven flanks, with a constant dilution in PBS of Shope fibroma virus (Patuxent strain, obtained from the ATCC and passaged in rabbit skin) in a 0.2-ml volume. Six hours before this inoculation, the rabbits received intradermal injections, in exactly the same areas, of graded amounts of either inducer in PBS solution, in a 0.2-ml volume. Eight days later the animals were killed, and the fibromas were excised and weighed. The index of activity was defined as the ratio of the weight of the fibroma appearing in the treated area to the weight of the fibroma in the control area: this index varies between 0 (complete inhibition of fibroma growth) and 1 (no inhibitory activity).
Poly I: C. Poly I: C was purchased from P-L Biochemicals, Inc., Milwaukee, Wis., as a lyophilized preparation and reconstituted in distilled water to obtain a 0.1% solution in 0.85% NaCl and 0.0067 M phosphate buffer, pH 7.0; this stock solution, like that of Mengo'dsRNA, was kept frozen at -20 C, and in all the cases dilutions in PBS were prepared shortly before use and kept in an ice bath during the time necessary to perform the treatments.
RESULTS
Yield of the extraction procedure. As stated above, 1 g of total nucleic acids could, on the average, be extracted from 100 liters of Mengo virus-infected BHK-21 cells. Extractable dsRNA represented about 2.2% of the total nucleic acids, i.e., 22 (iii) Thermal transition midpoint. It is well known that double-stranded nucleic acids, the structure of which is maintained by hydrogen bonds, are denatured when heated beyond a critical temperature. Transition from orderly to disorderly state is characterized by an average "melting" temperature, Tm, which can be determined owing to the fact that loss of the secondary structure is accompanied by a loss of the resistance to RNase.
Experiments performed with two batches of Mengo dsRNA gave an average Tm of 94 ± 2 C (in 15 mM NaCl and 1.5 mM sodium citrate), indicating a marked thermal stability of this molecule.
Resistance to nucleases. Treatment of labeled Mengo dsRNA with deoxyribonuclease (200 gg/ml) did not cause any loss in acidinsoluble radioactivity.
The effect of pancreatic RNase (2 yg/ml, 30 min at 37 C) was studied on the dsRNA in solution in a 0.14 M NaCl-35 mM Tris buffer or in distilled water. In the former case, the resistance to RNase was between 96 and 100%, and in the latter only of 1 had also been seen with the dsRNA from footand-mouth disease virus (11) .
Activity on the infection of mice by the encephalomyocarditis virus. Whatever the route of administration, both compounds gave significant, although partial, protection, and no difference of activity could be detected between them at that dosage level.
Activity on the infection of mice by type C foot-and-mouse disease virus. Table 6 gives the results of a test in which mice were treated i.p. by three different doses of either poly I: C or Mengo dsRNA 6 h before s.c. inoculation of 4 LD50 of type C (strain Loupoigne) foot-andmouth disease virus. At all doses tested, both compounds gave significant protection. Results are quantitatively comparable with those previously reported (11) Table 7 ).
It may be concluded that human serum exerted a drastic inactivating effect on both inducers, Mengo dsRNA appearing however a little more resistant than poly I: C.
The effect of human serum on the activity of the dsRNA from foot-and-mouth disease virus (11) was studied in the same series of experiments, with results quite similar to those obtained with Mengo dsRNA: whereas a dose of 2.10-4 Mg of this inducer per site caused practically complete inhibition of fibroma growth (index: 0.2), it took, after incubation with the human serum pool, a dose of 2 Mg of the substance per site to cause a 50% inhibition of fibroma growth.
Effect of human or murine serum on the antiviral activity in cell cultures. Another experimental system was used to study the effect of human serum on the activity of the dsRNA from Mengo virus. We followed the procedure of Nordlund et al. (23) in which a 15% dilution of serum in PBS is mixed with an equal volume of a 30 Mg/ml solution of the inducer in PBS. This mixture was incubated at 37 C for 1 h or 4 h and the minimal concentration of inducer necessary to reduce by 50% the cytopathic effect of VSV in monkey kidney cells was determined as described in Materials and Methods. The human serum used in this experiment was a pool obtained from 50 healthy adults; its effect was compared with that of a pool of murine serum obtained from 20 on September 29, 2017 by guest http://aac.asm.org/ Downloaded from adult mice. The activity of poly I:C after incubation under similar conditions with human or murine serum, was studied in the same experiment. Table 8 summarizes the results obtained and shows a marked difference of behavior, in these conditions, between poly I:C and Mengo dsRNA with respect to inactivation by human serum. Four-hour incubation with human serum increased by a factor higher than 30 the active dose 50% of poly I:C and only by a factor of 10 the active dose 50% of Mengo dsRNA. Murine serum, on the other hand, exerted a probably negligible effect on the activity of poly I:C and no effect at all on the inducer of viral origin. reported previously (11) for poliovirus d^RNA.
DISCUSSION
Interferon induction in the mouse by Mengo dsRNA followed closely, both in its kinetics and its dose-effect relationship, the pattern reported by most authors for all known double-stranded polyribonucleotides.
Regarding their antiviral activity in the mouse infected with encephalomyocarditis, Semliki Forest, A/PR/8 influenza, foot-andmouth disease, and murine hepatitis viruses, Mengo dsRNA and poly I: C behaved in a very similar way under our experimental conditions, and this similarity was also noted in experiments with Shope fibroma virus in the rabbit. Microgram amounts of either inducer, administered i.p., i.v., i.n., or intradermally 6 h before virus inoculation, produced significant reduction of mortality, increase of survival time, or inhibition of fibroma growth; whenever the ED,0 of the two inducers could be accurately determined, they tumed out to be almost identical. Similar conclusions about the quantitative resemblance in their in vivo antiviral activity between poly I: C and poliovirus or foot-andmouth disease virus dsRNA have been reported previously (11) .
Comparison between the overall antiviral activity and the acute toxicity in the mouse leads to the conclusion that the therapeutic index of poly I: C is slightly more favorable than that of the dsRNA from Mengo virus. Longerterm toxicological studies in the mouse and in other species might reveal other differences, but they have not been performed in view of the difficulty to produce larger amounts of the viral inducer.
Finally, it is interesting to compare the resistance of Mengo dsRNA to the inactivating effect
